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Summary

Niobium aluminides and silicides as well as other intermetallic corn unds have potential for use in advanced gas
turbines where increased operating temperatures are necessary to o tain the targeted performance goals. These
materials will be subjected to a variety of environments over a range o' temperatures. Two of the principal reactants
in these environments are oxygen and hydrogen. This program is concrned with the effects of oxygen and hydrogen
on niobium alloys and other selected intermetallic compounds.

This program consists of two parts. Part I involves the effects of oxygen and is being performed at the University
of Pittsburgh by Professors G. H. Meier and F. S. Pettit. Part II is being performed at Carnegie Mellon University
by Professor A. W. Thompson.

The investigations involving oxygen are directed toward describing tlte conditions which must be achieved in order
to have a continuous, protective A120, or SiO2 scale developed on niobium-base alloys and compounds, and other
selected intermetallics, at temperatures between 600 and 1400"C. Thi studies concerned with hydrogen effects are
directed toward determining solubility limits, hydrogen uptake anc permeation rates, and the degree to which
hydrogen degrades the mechanical properties of these materials.



PART I

OXIDATION OF NIOBIUM - BASE ALLOYS AND
OTHER SELECTED INTERMETALLICS

by

R. R. Cerchiara, E. A. Guibransen, F. S. Pettit and G. H. Meier

Department of Materials Science and Engineering
University of Pittsburgh



Oxidation of Niobium-Bas3 Alloys
and Other Selected Intermetallics

by

R. R. Cerchiara, E. A. Gulbransen, F. S. Pettit, and G. H. Meier
Department of Materials Science and Engineering

University of Pittsburgh

INTRODUCTION

Intermetallic compounds are currently being considered for a variety of high temperature
applications because they offer a possible combination of creep resistance and low density which
is superior to that provided by state-of-the-art, coated, superalloys. However, the achievement
of adequate oxidation resistance in the syz-tems which possess high !;Acific strengths is a matter
of concern. Figure 1 indicates some of the systems with potential for meeting these requirements.
The purpose of this section is to describe the current understanding of alloy oxidation with
particular emphasis on intermetallic compounds such as those listed in Figure 1. The
mechanisms of oxidation witi be treated in detail with review of specific data being used only to
illustrate aspects of the mi -hanisms. The reader is directed to the excellent review by,-Aitken( t)
for details of work prior to 196 7.

The development of oxidation resistance in alloys is based on the addition of an element which
will oxidize selectively and produce a protective surface oxide. The formation of this surface
layer requires that the oxide be more stable than the lowest oxide of the base metal. Figure 2
indicates the free energies of formation of a few selected oxides. The oxides A1I0 3, Si0 2, and
BeO are of principal interest because they exhibit low diffusivities for both cations and anions
as well as being highly stable. Thiis the addition of Al to Ni, as in the case of aluminide coatings
on nickel-base alloys, or Si to Mo, as in the case of MoSi2 heating elements, clearly satisfy the
stability requirements. However, in the case of Nb-, Ti-, or Zr-base alloys the oxides of the base
metal are nearly as stable as those of Al, Si, or Be. A second requirement is that the
conc,:ntration of the element added for o~idation resistance is sufficient for the formation of its
oxide as an external layer rather than as internal precipitates. The two possibilities for the simple
case where the oxygen partial pressure is too low to oxidize the- base metal are illustrated in
Figure 3. Alloys with low solute concentrations allow inward diffusion of oxygen which results
in internal oxidation, Fig. 3a., while for high solute contents the outward diffusion of solute
results in the formation of a continuous external layer of oxide, Fig. 3b. The critical solute
concentration for the transition from internal to external oxidation has been expressed by
Wagner(3) as

S 1rg'N 0 D0 V"' 1/2N B = 2DIVox ()

Here NoDnis the oxygen permeability in A, D. is the solute diffusivity, g is a factor determined
by the volume fraction of oxide required for the trarsition(often near 0.3), and V and Vex are
the molar volumes of the alloy and oxide, respectively. The solute content required for external
scale formation is seen to increase with the solubility and diffusivity of oxygen and decrease with
an increase in the solute diffusivity in the alloy. Howeve,, for most systems of interest, the oxide
of the base metal can also form in the ambient atmosphere and grows until the more stable oxide
of the solute B becomes continuous and stops the growth of the "transient oxide". This situation
is illustrated schematically in Figure 4. The effect of transient oxidation on the transition from
internal to external oxidation of B has been analyzed by Gesmundo and Viani(4) who found that



an excess of solute above that predicted by equation I is required in the presence of transient
oxides. The amount of excess solute required is predicted to increase as the growth rate of the
transient oxide increases. The conditions assumed in the derivation of equation (1) do not apply
rigorously to the oxidation of intermetallics for several reasons which will become apparent.
Nevertheless, the above analysis provides a useful qualitative method to evaluate the effects of
variables such as temperature, composition, and atmosphere on the selective oxidation process.

Figure 5 illustrates schematically for MoSi. a feature common to oxidation of intermetallic
compounds with small homogeneity ranges. Here the removal of Si to form a layer of SiO2immediately results in the formation of a layer of the next lower silicide, MosSix, adjacent to the
oxide. This situation, which is in contrast to the smooth concentration gradient in the alloy
depicted in Figure 4(b), means that the'properties of the lower compound determine the ability
of the alloy'to maintain the growth of the protective oxide. Apparently Mo5Si3 provides a
sufficient flux of Si to the oxide/alloy interface to maintain the growth of a silica layer. This is
not the case, however, with many intermetallic compounds and represents a major difference
between the oxidation of intermetallic compounds and solid solutions.

Effects of Temperature

The effect of temperature on the selective oxidation process is determined by the temperature
dependence of all of the tetms in equation I and that of the g:owth rate of the transient oxides.
Figure 6, from the work of Pettit(6), shows the temperature dependence of the transition from
internal to external formation of.alumina on Ni-Al alloys. These alloys, which include'sclid
solutions and the compound Ni3Al, are characterized by three regions: (I) C-10at%Al, internal Al
oxides under external NiO external scales result; (II.) 10-30at%Al, external A120 3 forms but
cannot be sustained because of an inadequate supply of Al and is overgrown by mixed Ni-Al
scales; and (1l),>30at%Al, the external A1203 is maintained by a sufficient supply of Al. Regions
11 and III both extend to lower Al contents as the temperature is increased. This type of behavior
is generally explained in terms of more rapid diffusion of, solute in the alloy at higher
temperatures which provides a greater flux to the surface to develop and maintain the protective
scale. This phenomenon *is not universal, however. The cross-hatched region in Figure 7
indicates the temperatures and compositions where the compound TiAI develops an external
A1203 scale in pure oxygen. In this case, for a given Al content, external alumina formation is
promoted at low temperature(7).

An effect of temperature which is peculiar to intermetallic compounds is the tendency of some
of'them to undergo a form of attack at intermediate temperatures, usually less than 1000°C,
which results in disintegration of the alloy. This disintegration was first studied for MoSi by
Fitzer(8) who termed it "pesting". The pest effect has been studied most extensively for Mo2Si2,
particularly by Berkowitz and coworkers(9), but data compiled by Aitken(l), indicates its
occurrence in a wide range of intermetallic compounds. The basic characteristics of the pest
effect may be summarized as follows:

1. Attack is predominantly intergranular, often associated with grain boundary
hardening.

2. Exposure to a reactive gas, particularly 02, is required.
3. Rapid attack is preceded by an incubz'tion period.
4. Disintegration occurs over a limited temperature range which varies from one

compound to the next.
5. Some compounds appear to be immune.
6. The detailed mechanism is still not fully understood.
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Improved understanding of the "pest" mechanism should be achievable by incorporating
techniques such as acoustic emission measurements, modern surface analysis, and TEM/STEM
into studies using more conventional techniques.

The effect of temperature cycling can also have substantial effects on the selective- oxidation
process. Figure 8 is a schematic comparison between isothermal and cyclic oxidation which is
valid for many alloy systems. The rates are comparable for short times but scale spalling caused
by thermal stresses which result from the thermal expansion mismatch between the oxide and
alloy and which become larger as the scale thickens eventually produces weight losses. The
amount of degradation under cyclic conditions generally is substantially greater than under
isothermal conditions. Cyclic oxidation data for intermetallic compounds are limited but those
available for NiAI in diffusion aluminide coatings on Ni-base alloys(10), Fe-silicides(l 1), and Ni-
'silicides(12) indicate similar behavior to that in Figure 8. Typical cyclic oxidation data for a
range of Ni-silicides are presented in Figure 9.

Effects of Alloying Elements

The beneficial effects of third element additions on the selective oxidation process are best
typified by additions of Cr to Ni-Al alloys which promote external A120I scale formation at
substantially lower Al contents than those indicated in Figure 6. The efficts of Cr additions
are summarized in the isothermal(13,14) and cyclic(15) oxidation maps in Figure 10. The
explanation of these effects requires consideration of the influence of Cr on all of the parameters
in equation 1. and on the growth rate of the transient oxide. The predominant effect of Cr is
generally thought to involve reduction of the oxygen solubility, No, but other factors must be
important. For example, Si additions to Ni-Al alloys, which should decrease No in a similar
manner to Cr, actually retards the development of external AiZ03 scales for certain ranges of Al
contents(16). The cause of this retardation appears to be associated with Si stabilizing phases in
which Al diffusion is slower. Regardless of the exact mechanism, these data indicate the need
to consider all of the important parameters in analyzing third element effects. Again, data for
most intermetallic compounds are lacking but Cr and V additions to Ti-aluminides( 17) and Ti and
Cr additions to Nb-aluminides( 18,19) have been shown to promote external AiO2, scale formation
at much lower Al contents than those required for the binary alloys.

Additional effects of alloying involve changes in the melting points of the alloys and the oxide
scales which form on them. For example, Figure I indicates that the amount of alloying elements
required to produce the Nb-Ti-Cr-V-Al alloys, which are marginal alumina formers(19), has
lowered the melting point well below that of binary NiAI. The melting temperature of the
transient oxide scales which form on the alloys can also be greatly affected by alloying additions.

Effects of Atmosphere Composition

The pressure and composition of the reactive gas atmosphere can have substantial effects on the
oxidation behavior of many intecmetallic compounds. Figure Ii, taken from the work of Perkins
and Packer(20), shows the effect of oxygen partial pressure on the formation of continuous silica
films on MoSi2 as a function of temperature. The silica film forms in an intermediate pressure
range at each temperature. This type of behavior may be understood by considering both the
condensed and vapor species for the Mo-O and Si-O systems. The 'active" oxidation at high
oxygen pressures is associated with the formation of MoO3 in the scales which grows rapidly,
being liquid above 701*C, and prevents the formation of a continuous silica film. The "active
region at low oxygen pressures, which also occurs for pure Si(21 ), resu!ts from .he high pressure
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of SiO over Si0 2 which leads to reactive volatilization of Si oxides rather than the formation of
a protective film. The thermodynamic analysis of such phenomena will be treated in the next
sec tion of this report.

A ditional effects of the atmosphere can occur if it contains a second reactive component, even
th( nitrogen in air. This effect is most striking for the oxidation of Ti-aluminides. Figure 7
indicated that protective alumina scales were formed on TiAl, exposed in oxygen, up to
ter 1peratures near 950@C. However, the same exposures conducted in air result in the formation
of Ti0 2-rich scales which grow at rates orders of magnitude faster than the alumina scales. This
efl ect, which is discussed in more detail in reference (7), has been shown by Choudhury etal(22)
to e associated with the presence of nitrogen as opposed to any other variable such as oxygen
prssure. The detailed mechanisms of the effect of nitrogen and the extent that it applies to other
intrmetallic systems is in need of further study. Data for the reaction of intermetallic
co pounds in other mixed oxidants are rather limited except for a few studies in
sul idizing/oxidizing atmospheres associated with coal conversion atmospheres. Natesan(23,24)
ha.4 reported severe sulfidation of Ni3AI in these atmospheres while Kim and Meier(25) have
fo nd the silica scales formed on Ni- and Fe-silicides to be extremely resistant.

Specific Systems

Fil ure 12 presents an overview of the temperature to which alloy systems containing intermetallic
ph kses can maintain reasonable oxidation resistance. This diagram, which has been updated from
th t published by Aitken(l) by the inclusion of data on Fe-Si and Ni-Si, is based on an
ap iroximate oxidation rate of 20 mg/cm2 in 100 hours for the most oxidation resistant compound
in -ach system. This representation obviously oversimplifies a very complex body of data but
is i seful for qualitative comparisons. The temperature ranges where breakdown phenomena, such
as pesting', have been reported are crosshatched in the Figure.

Summary

Th .basic concepts of selective oxidation apply ,o intermetallic compounds. However, the details
of he selective oxidation process for the compounds of major interest for high temperature
apg iications differ as a resuIt of:

a. Generally lower diffusivities in the alloy
b. Lowerinterstitial solubilities.
c. Smaller differences in the stabilities of the oxides of the components.
d. Tight stoichiometry of many compounds.
e. Transient oxides which grow with linear or rapid paraboIic kinetics.

Adequate solubility and diffusivity data are not availabl, for most systems.

Thý effects of oxidation temperature and alloying on the selective oxidation process varies from
on( compcund to the next depending on their relative effects on:

a. Solubility 'ad diffusivity of interstitials.
b. Diffusivities of the metallic components.
c. Rate of transient oxidation.
d. Alloy phases stabilized.
e. Vaporization of metallic and oxide species.
f. Oxide and alloy melting.

Th oxidation of some compounds is sensitive to the composition of the oxidizing atmosphere
e.g the presence of nitrogen.

4



CURRENT PROGRAM: RESULTS AND DISCUSSION

Figure 1 indicates a number of intermetallic alloys which are of potential interest with regard
to their high temperature oxidation behavior. The compounds chosen for this study were limited
to the aluminides and silX¢ides of Nb, Ta, Mo, and Ti. Others, such as the Ni-aluminides, were
eliminated because they h~ave been extensively studied in other programs and the beryllides were
eliminated because of safety considerations in pieparing and handling the materials. The study
consists of two efforts: a thermochemical analysis of the oxidation of intermetallic compounds'
and an experimental investigation of their oxidation merchanisms. These efforts are described in
detail in the following.

Thermochemistry if the Condensed Phases and Volatile Species
in the Oxidation of Intermetallic Alloys

Containing Niobium, Silicon and Aluminum

Introduction

Thermochemistry :, used to identify the condensed oxide phases, the oxygen potential of the
reacting gases, the volatile metal and oxide species and the physical state of the oxide layer and
volatilized oxide. Following the methods used in earlier studies (26,27) we will use standard
Gibbs free energy data, AGO, and equilibrium constants, log Kp, (28-30) to evaluate the
condensed phases and the equilibrium pressures of the volatile species over the several condensed
phases as a function of temperature and oxygen potential of the gas mixture. Log PM , vs. log
po and log PH /PH-O diagrams show the influence of the oxygen potential on rhe e;ýu~iibrium
pressure of the .'olattle species MYy. To summarize the data log PMxOy vs. diagrams are
used.

Table I shows a list of the condensed oxide phases for the metals Nb, Mo, Si and Al at 1250K
together with the available, melting and boiling temperatures.

Results

Figures 13-16 show log pM 0 vs iog pDo and log PH,/PH O diagrams for the four metals
involved in the oxidation of the Illoy systems N6-AI and Vo-SFat 1253K. Log PM 0 is plotted
on. the left and log PO 2 on the bottom. Log PH 2 /PH 2 0 values are plotted at tfAe 3op of the
diagram.

Figure 13 for the Nb-O system shows three oxides NbO, NbO2 and N20 5 are formed. The
equilibrium pressures of the four volatile metal and oxide species are shown in the diagrim as
a function of oxygen potential. Of particular interest are the equilibrium pressures at the o.(ygen
interface, the mnetal-oxide interface and the inner oxide interface NbO-NbO2 .

In earlier studies (31) volatile species with log p below -9 have been shown to have negligible
influence in the oxidation process. For log p - -9 to log p - -3 mixed oxidation and volatility
can occur while for log p > -3 complete volatility is observed. The major volatile specie in the
Nb - 0 system is NbO2. Over the condensed phase NbO2 log PNbO2 - -14.2. At 1250K volatile
species are not important for this system.

Figure 14 shows a log PM O vs log ro diagram for the Mo-O system at 1250K. A very
different diagram is observ~d.yTwo cordetsed phases are observed for 1250K MoO 2 and MoO 3 .
The latter phase is liquid above 1074K. Of special interost is the high equilibrium pressure of
the vapor specie (MOO 3)3 over .MoO3() Here log p , -0.7 whete p is in atmospheres. Complete
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volatility of the oxide occurs in the oxidation of Mo at 998K. Lower equilibrium pressures are
found at the Mo-MoO 2 interface.

Figure 15 shows a log Psi O(y vs log po diagram for the Si-O system at 1250K. A new and
different type of diagram'is observed. "Only one'condensed phase, SiO2 , is observed in the
oxidation of Si. SiO is the major volatile specie at 1250K w:'h the maximum pressure occurring
at the Si-SiO2 interface. Here log PSiQ - -5.6. Very low p essures of SiO(g) occur at the SiO 2 -
02 interface. For the oxidation of Si(s) at log Po - 0 SiO can diffuse to cracks and defects

in the oxide, reaci with 02 and develop a coherent'oxide film. For Lbw 02 pressure where log
Ps-o > log pO, rapid diffusion of 02 can occur resulting in very rapid oxidation and volatility
of the oxide vflth cracking of the film.

Figure 16 shows a log PAlxOy vs log pOl diagram for the Al-O system as 1250K. Again a very
different diagram is observed. Only one'condensed oxide phase is seen in the figure i.e. A1203.
Five vapor species are observed. Ai(g) and Al20(g) are the important vapor species at the Al-
A120 3 interface. Log PAl - -6.8 ard log PAI20 - -8. These pressures are above the critical
value of log p - -9 so volatile species can play an important role in the oxidation of intermetallic
alloys of important Al activities. Rapid short circuit diffusion of Al through the oxide may
occur. In addition the vapor species cdn diffuse at the Al-AI20- interface and react with oxygen
sealing cracks and defects in the oxide layer to form a protective oxide layer.

Figure 17 shows a log PTaxOy vs log Po diagram for the Ta-O system at 1250K. In contrast
to the Nb-O system only one oxide is forMed Nb2O5(s). TaO 2(g) is the main volitile specie at
both the Ta(s) - Ta205 (s) and Ta20 5 - 02 interfaces. Very low equilibrium pressures are
observed. Volatile 'species pL-y no role in the oxidation behavior of tantalum. Table 3
suimmarizes the calculations.

Figure 18 shows a log PTixOv vs log Po diagram for the Ti-O system at 1250K. Fiva oxides
phases are observed. Ti(g) is the major v3latile specie at the Ti(s) - TiO(s) interface and TiO2(g)
is the major volatile specie at the TiO 2(s) - 02 interface. Very low equilibrium pressures are
found. At 1250K volatile metal and oxide species play no role in the oxidation behavior of the
titanium. Table 3 summarizes the results.

Figure 19 shows a log PCrx vs log Po diagram for the Cr-0 system at 1250K. Only one
oxide isý formed, Cr20 3(s) F'igure 19 slbhws a new type of diagram. Important pressures of
Cr(g) are found at the Cr(s) - Cr 20 3(s) interface and CrO 3(g) at the Cr 20 3(sW -O0 interface.
At 1250K volatile species play a role in the oiddation of chromium(32). Volatility is observed
for temperatures greater than 1250K and some healing of defects and cracks in the ox;1e by
reac:ion of Cr(g) with oxygen at defects and cracks. Table 3 summarizes the results.

Conclusions.

Thermochemical analyses of the oxidation of seven metals shows the importance of identifying
the condensed phases and the volatile species over the condensed phase.
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EXPERIMENTAL STUDY OF THE OXIDATION

BEHAVIOR OF SELECTED INTERMETALLIC COMPOUNDS

latroduction

Specimens of various intermetallic compounds were cb:ained either from arc melted buttons or
hot isostatically pressed (HIP) billets. Oxidation coupons 3mm thick were cut from the starting
materials, polished through 600 grit SiC, and ultrasonically cleaned. Test coupons were placed
in a small quartz crucible suspended by a platinum wire in a thermogravimqtric apparatus.
Isothermal oxidation of candidate materials was carried out in pure oxygen for times up to 168
hrs. Upon exposure specimens were examined using XRD, SEM, EDS and WDS techniques.

Oxidation of Niobium Trialuminide at 800. 950 and I 100"C

Specimens of NbAI 3 were obtained courtesy of Lockheed Palo Alto Laboratories. Hemispherical
shaped castings were produced using a nlicro-arc melting procedure. The aluminum content
ranged from 74.2 to 74.4 a/o for thcse approximately 1/2 inch diameter buttons. The
microstructure consisted of irregularly shaped NbAi 3 grains delineated by Nb2AI laden grain
boundaries, Figure 20. Nb2AI and small cracks were visible within individual grains..

Isothermal kinetic data for oxidation rurs at 800, 950 and 1 100"C are plottedin Figure 21. The
two runs at 800"C illustrate the disintegration or "pesting" which occurs at intermediate
temperatures. Previousinvestigators have defined a window of temperature between 550 and
850*C.(l) Note the variation in behavior at 800"C, the first specimen exhibited a 25 hour
incubation period while the second degraded rapidly. Both specimens contained 74.4 a/o
aluminum. A decrease in the rate of attack was observed as the temperature was raised to 950
and finally I I00"C. The rate of aluminum diffusion should increase with an increase in
temperature. Unfortunately, a linear rate was observed at 950 and I 00"C. Svedburg has
reported parabolic kinetics and protective alumina scales at 1200"C. (5)

NbAl 31 QQ6j

During the incubation period a thin layer of NbAIO 4 covers the specimen surface, Figare 22.
Preexisting fissures are rapidly filled with a greater volume of this mixed oxide. Preferential
attack of grain boundaries and fissures results in fragmentation, Figure 23. An increase in the
rate of oxidation occurs as fresh surface area is exposed upon disintegration. The rate levels off
as the fragments are surrounded by a layer of NbAIO 4.

NJi 100"C:

At l i00C the rate of alumina formation appears to be sufficient to compete with that of
transient oxidation. A convoluted alumina layer forms between an outer NbAIO 4 and an inner
Nb 2AI layer, Figure 25-. Oxygen again penetrates to form a new alumina layer at the
Nb2AI/NbA!3 interface. The enveloped Nb 2AI is eventually converted to a Nb-Al oxide,
repetition of this process results in a layered scale, Figure 26. Note the incipient alumina layers
below the Nb 2AI layers in Figure 25 (left) and Figure 26 (right). An interesting feature of the
attack is the absence of internal precipitates although no externa: protective alumina scale was
formed. The small difference in stability between alumina and the lowest oxide of Nb (or
NbAIO4 ) may be responsible. Low oxygen solubilities may be important, however, few reliable
data have been published.

Oxidation of Nb-Base Alloys containing Al and/or Si at 800 and I 100C
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Arc-melted buttons approximately 2 1/2 inch in diameter were provided courtesy of Pratt and
Whitney Aircraft Corporation. A select number of hot isostatically pressed ("hipped") alloys were
also provided. Two levels of dissolved oxygen were introduced by varying process parameters.
A low level of 500 ppm was introduced using a 2850*F/15 ksi/10 hour treatment. A much higher
level was obtaied using a 3000"F/20 ksi/5 hour treatment.

The kinetic data at I 100"C are plotted in Figure 27. Although a number of factors are present,
it appears th-t aluminum is more effective than silicon in promoting oxidation resistance. Note
ýhe increment between the two upper right hand curves. This improvement was the result of a
12 a/c Si addition at essentially constant Al content. Compare this increment with that
immediately below. Here the improvement in performance is due to a 2.5 a/o Al addition at
essentially constant Si content. Additions of Ti and/or Ta are known to produce denser, more
adherent scales by forming Nb 2 0 5 .TiO 2 or Ta2 0 5 . No pesting was observed, alloys oxidized in
essentially the same order at 800*C with rates reduced by a factor of 4.

Nb-Base Alloys. I 100*C:

The morphologies exhibited following oxidation were variants of those shown in Figure 28.
Scales consisted of 'intimate mixtures of oxides of the alloying elements. Levels of AM and Si
were too low to support formation of continuous layers. In situ oxidation occurred rapidly, no
segregation wzs indicated by the elemental maps of Figure 28. Backscattered electron images did
reveal regions slightly rich in Ta for the alloy containing Ta. Oxygen saturatioo occurred beneath
a growing scale, oxides of Ti were observed within this zone and in advance cf it.

Nb-Base Alloys. 800"C:

Tne morphologies exhibited at 800"C were similar to those exhibited at I 100"C. Scales did
contain a greater proportion of the low temperature form of niobium pentoxide. This could be
observed optically, scales were often gray or black in constrast to the cream colored scales formed
at I 100"C, An enrichment in Ti was observed at the scale/gas interface.

Effects of Initial Structure and Chemistry:

There did not appear to be an advantage in reducing the dissolved oxygen content to 500 ppm.
At I 100"C the kinetics were virtually identical, Figure 27. The hipped alloys did not outperform
cast alloys to a significant extent. Although the hipped alloys contained' fewer defects, the
segregation patterns were similar, Figure 29. A major phase rich in Nb, Ti, Al and poor in Si
formed in a matrix rich in Nb, Ti, Si and poor in Al for this alloy. Formation of Nb 5 Si 3 and/or
.Nb 3 AI was possible depending on the particular case. In any event, in situ oxidation was again
so rapid that the major and minor phases oxidized separately.

Oxidation of Tantalum and Molybdenum Disilicide

An important factor in the oxidation of these silicides is the volatility of the base metal oxides.
Volatile species diagrams for the Nb, Mo, Si, and Ta-O systems at 1250 K are found in Figures
13 - 15 and 17. It appears that MoO 2 (s) should volatilize to MoO 3(v) at these temperitures. The
oxides of Nb, Mr and Si appear to not be susceptible to evaporation for short time exposures in
pure oxygen.

TaSi2. 800 and I 100°C:

The microstructure of cast TaSi 2 is presented in Figure 30. Irregular shaped grains* are delineated
by free silicon at grain boundaries. This agrees with the binary phase diagram, a TaSi2 + Si field
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lies adjacent to the line compound. The kinetics for oxidation of TaSi2 and a Ta-67Si-IOAI a/o
alloy are plo:ted in Figure 31. At 800*C TaSi; oxidized with a corstantly increasing rate. Thick
plates of Ta 20 5 formed incorporating silicon in discrete regions, Figure 32. Some fragmentation
of the specimen was evident. At I 100°C TaSi2 oxidized at a slower rate, but selective oxidation
of Si could not support a continuous Filica layer, Figure 33. A semi-continuous SiO 2 layer was
found in some regions, but other regions were covered by mounds of mixed Ta-Si cxide.

The addition of 10 a/o Al resulted in a lower rate of oxidation at 800"C. Figure 31. Aluminum
may have acted as an oxygen getter or formed a barrier upon selective oxidation. The latter has
been suggested by preliminary SEM examination. At I 100C the addition of 10 a/o Al increased
the rate of oxidation after an initial transient. The entire alloy was converted to an intimate
mixture of Ta, Si and Al oxides. Oxidation of Al to A120 3 may have resulted in catastrophic
attack of a Si poor Ta base alloy. If Ta5Si3 formed it would have oxidized at a much faster rate
than the disilicide. (33)

SMoQi2 600 - I1100"C:

S nmples of MoSi 2 modified with an AI-Th-Si addition during processing were obtained courtesy
of ATS, Inc. The microstructure consisted of Mo5Si3 and AI-Th-Si in a ma;rix of MoSi2 ,
Figure 34. The AI-Th-Si phase is thought to limit pesting by accommodation of stresses. The
kinetics at 600, 800 and I 100°C are plotted in figure 35. An interpretation is possible in terms
of an interplay between the volatilization of solid transient oxides vs silica formation. (9,34) At
600°C, solid MoO 2 transient' oxides disrupt the growth of the silica layer, Figure 36 <top). At
800°C, the volatilization of MoO)(s) to MoO 3(v) results in a continuous SiO 2 scale, Figure 36
(center). At I 100C, a semi-continuous SiO 2 layer forms as oxides rich in Th are found at the
scale/gas interface, Figure. 36 (bottom).

SUMMARY

"rtie above results indicate the complex nature of the oxidation behavior of Nb, Ta, and Mo
base intermetallics formed with Al on Si. None of the compounds, with the exception of MoSi 2,
were capable of forming and maintaining a protective alumina or silica scale over a broaa range
of temperatures. The mechanisms are seen to involve a combination of rapid trarnsient oxidation
which prevents a continuous protective layer from forming. The oxidation mechanisms are oeing
investigated further. Acoustic emission experiments are being conducted to evaluate oxide
cracking and low temperature disintegration. Experiments in which an applied electric field will
be used in an attempt to modify transient oxidation behavior and the growth of protective scales
are planned. Finally, the study is being expanded to include the compound TiAI which has been
shown to be an "alumina-former" over certain ranges of conditions (7,22). It is believed that the
combination of these experiments with thermochemical analysis will lead to. a broad
understanding of the mechanisms of oxidation of intermetallic compounds.
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TABLE I

Physical Properties of the Seven Metals and Their Oxides
See Table 2 for References

Metal Condensed Oxides Vo!atile
M.P.K. B.P.K. M.P.K. B.P.K. Species

Al 933 2767 A1203 2321 AI,AIO,A0 3
AI2O,Ai 20 2

Cr 2176 2915 Cr2O3  2603 1 i5 Cr,CrO,CrO2 ,

Cr 0OsCr0,
0Cr3

Cro0 6

Mo 2892 4919 MoO 2  Mo,MoO,MoO2
MoO3  1074 1428 MoO 3,(MoO 3 )3

Nb 2750 3156 NbO 2210 Nb,NbO,NbO2
NbO 2175
Nb 205  1783

Si 1695 3492 SiO 2  996 SiSiSi3Ssbio~s o

Ta 3258 5786 Ta20 3  2058 ± 30 Ta,TaO,TaO 2

Ti 1933 3591 Sub-oxides
Ti60,ri3 O Ti,TiO,TiO2
Ti 0,Ti30 2

TiB 202?
Ti203  2115
"T'---- 2050
TiO 1950
Ti2 2130
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Table 3

Summary Thermochemical analyses
Metal Oxide LogPo2 interface Vapor Log p Protective

(atm) Specie (atm) Oxide

Al(l) A120 3(s) -35.63 AI/AI20 3  Al -6.905 yes

AI/AI20 3  A120 -8.037
A120 3/0 2  A10 2  -18.53

Cr(s) Cr 20 3  -22.45 C Cr 2O3  Cr -8.96 yes

Cr20 3/0 2  Cr0 3  -8.02

Mo(s) MoO 2  -15.34 Mo/MoO 2  MoO 3  -10.97 no
MoO 3  M0O 3/0 2  (MOO3 )3  -0.74

Nb(s) NbO -25.66 Nb/NbO NbO2  -15.97 no
NbO 2  NbO/NbO2  NbO 2  -14.20
Nb 20 5  Nb 2O,/0 2  NbO2  -22.12

Si(s) SiO 2  -28.72 Si/SiO2  SiO -5.43 yes

SiO2/O2 SiO -20.04
Ta(s) Ta205  -25.116 Ta/Ta, 5  TaO2  -15.236 no

Ta2Os/O 2  TaO2  -21.515
Ti(s) TiO -35.40 Ti/TiO Ti -12.15 no

Ti2 O3  Ti4 O7/TiO 2  TiO 2  -16.31
Ti 30 7  TiO2/0 2  TiO2  -16.31
Ti 40 7

TiO 2



FIGURES

Figure 1. Melting points and densities of selected
intermetallics

Figure 2. Standard free energies of formation for selected
oxides.

Figure 3. Schematic diagram of the oxidation of a noble metal,
A, containing a reactive metal, B. a) Dilute alloy
showing internal oxidation of B. b) Concentrated
alloy forming an external layer of BO.

Figure 4. Schematic of oxidation of A-B with both AO and BO
stable (BO more stable than AO). a). Dilute alloy
showing internal oxidation under external AO.
b) Concentrated alloy forming external BO.

Figure 5. Schematic cross-section of MoSi 2 forming a silica
scale.

Figure 6. Map of the selective oxidation behavior of Ni-Al
alloys as a function of temperature and Al-content
(ref. 6).

Figure 7. The binary phase diagram for the Ti-Al system
showing the region in the TiAl field where alumina
scales form in pure oxygen.

Figure 8. Schematic plot comparing isothermal and cyclic
oxidation rates.

Figure 9 . Weight change vs time data for cyclic oxidation
of several Ni-silicides in air (Compositions in wt.
pct).

Figure 10. Isothermal (a) and cyclic (b) oxidation maps for
the Ni-Cr-Al system showing the effect of Cr in
developing and maintaining a protective alumina
scale.

Figure 11. Map of oxygen pressure vs. temperature indicating
conditions for the development of a protective
silica film on MoSi 2 and the importance of volatile
species in this process.

Figure I Bar chart summarizing the oxidation behavior of
the most resistant compound in each of the indicated
systems. The maximum temperature generally
corresponds to 20 mg/cm2 in 100 hours.



Figure 13. Volatile species for the Nb-O system t 1250K.

Figure 14. Volatile species for the Mo-O system at 1250K.

Figure 15. Volatile species for the Si-O system at 1250K.

Figure 16. Volatile species for the Al-O system at 1250K.

Figure 17. Volatile species for the Ta-0 system et 1250K.

Figure 18. Volatile species for the Ti-O system t 1250K.

Figure 19. Volatile species for the Cr-O system t 1250K.

Figure 20. Initial microstructure of NbAl 3 (DarI phase is
NbzAl).

Figure 21. Weight change vs. time data for NbAl 3 xoidized in
oxygen at 800, 950, and 11000C.

Figure 22. Surface of NbA1 3 after 5 hrs. oxidation in oxygen
at 8009C showing a thin layer of NbA1O. *nd a pre-
existing crack.

Figure 23. Micrograph of NbA1 3 showing "pesting' after 24
hrs. oxidation in oxygen at 8006C.

Figure 24. Surface (top) and cross-section (bottom) of NbA13
after 24 hrs. oxidation at 950"C indicating
preferential attack of Nb2Al at grain boundaries.

Figure 25. Secondary electron image of the cross-;ection of
NbAl after '24 hrs. oxidation at 11000C (top)
showing preferential attack of NbAl at grain
boundaries. Backscattered electron ima e showing
alumina between an outer NbAlO4 and imner Nb2AI
layer.

Figure 26. Cross-section of NbAl 3 after 168 hrs. oxidation at
1100"C showing the development of a layered scale
of A1203 and NbAIO4.

Figure 27. Weight change vs time data for the ox 'dation of
a series of Nb-base alloys in oxygen at L100"C

Figure 28. Cross-section of a Nb-Ti-Ta-Al-Si alloy after 168
hrs. oxidation at 1100"C and x-ray m ps which
indicate the various alloy components ar oxidized
in-situ.



Figure 29. Comparison of starting materials and structures
following 168 hrs. oxidation at 1100"C for a
Nb-Ti-Al-Si alloy which was prepared by casting and
by hipping.

Figure 30. Initial microstructure of TaSi 2 (dark phase is
elemental Si).

Figure 31. Weight change vs. time data for TaSi 2 and Al-
modified TaSi 2 oxidized in oxygen at 800 and 1100"C.

Figure 32. Surface (top) and cross-section (bottom) of TaSi 2
after 168 hrs oxidation at 800"C. The lighter phase
is Ta.0 5 and the dark phase is SiO2.

Figure 33. Cross-sections of TaSi 2 oxidized 168 hrs. at
1100"C showing exclusive formation of a silica film
over some areas (top) and Ta-rich nodules over
others (bottom).

Figure 34'. Initial microstructure of "MoSi . (White phase is
Mo5 Si 3 and the dark phase is SiO2 ). Th was detected
adjacent to the silica regions.

Figure 35. Weight change vs. time data for MoSi 2 oxidized in
oxygen at 600, 800, and 1100"C.

Figure 36. Top: Surface of MoSi 2 after 168 hrs. oxidation at
600"C.
Center: Surface(left) and cross-section(rijht) of
MoSi 2 after 168 hrs. oxidation at 800"C.
Bottom: Surface of MoSi 2 after 168 hrs. oxidation at
11000C.
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Figure 3. Schematic diagram of the oxidation of a noble metal,
A, containing a reactive metal, B. a) Dilute alloy
showing internal oxidation of B. b) Concentrated
alloy forming an external layer of BO.
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Figure 4. Schem~atic of oxidation of A-B with 
both AO and BO

stable (B0 more stable than Ao). a) Dilute alloy

showing internal oxidation under external AO.

b) Concentrated alloy forming external SO.
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Figure 5. Schematic cross-section of MoSi 2 forming a silica
scale.
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Figure 6. Map of the selective oxidation behavior of Ni-Al
alloys as a function of temperature and Al-content
(ref. 6).
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Figure 8. Schematic plot comi aring isothermal and cyclic
oxidation rates.
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Figure 9 .Weight change vs time data for cyclic oxidation
of several Ni-silicides in air (Compositions in wt.
pct).
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Figure 12. Bar chart summarizing the oxidation behavior of
the most resistant compound in each of the indicated
systems. The maximum temperature generally
corresponds to 20 mg/cm2 in 100 hours.
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Microstructure of Niobium Aluminide
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Fiqure 20. Initial microstrzuct~ure of" NbAl, (Dark phase isNb2l).
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Niobium Aluminide
800°C-5 Hours

:54

Figure 22. Surface of NbA1 3 after 5 hrs. oxidation in oxygen
at 800'C showing a thin layer of NbA10 4 and a pre-
existing crack.'



NbIl 2I4Iir Ow-evn 800C(

Figure 23. 'Micrograph of NbA13 showing "pesting" after 24
hrs. oxidation in oxygen at 800'C.
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Fiqure 24. Surface (top) and cross-section (bottom) of NbAl3
after 24 hrs. oxidation at 950*C indicating
preferential attack of Nb2Al at grain boundaries..



VJiobium Aluminide

Figure 25. Secondary electron image of the cross-section of
NbAl, after 24 hrs. oxidation at l100C (top)
showing preferential attack of Nb2Al at grain
boundaries. Backsattered electron image showing
alumina between an outer NbA1O, and inner Nb2Al
layer.
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Figure 26. Cross-section of NbAl 3 after 168 hrs. oxidation at
1100*C showing the development of a layered scale
of Al20, and NbA10 4 ,
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figure 28. Cross-section of a Nb-Ti-Ta-Al-Si alloy after 168
hrs. oxidation at 1100*C and x-ray maps which
indicate the various alloy components are oxidized
in-situ.



S•,a Effect of Microstructure on Oxidatoao
Nb-25Ti-12.5AI-25SI

Nb-25Ti-12.5AI-25Si/HIpped vs Nb-21Ti-10AI-l5Si/Cast
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1000x 400XStarting Materials

9 N
4:

Oxidized I"1100'C - 1RS Hours

Figure 29. Comparison of starting materials and structures

following 168 hrs. oxidation at il00"C for a

Nb-Ti-Al-Si alloy which was prepared by casting and

by hipping.



Microstructure of Tantalum Disilicide

I

Figure 30. Initial micrcstructure of TaSi 2 (dark phase is
elemental Si).
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800 0C-168 Hours

Figure 32. Surface (top) and cross-section (bottom) of TaSi2

after 168 hrs oxidation at 800-C. The lighter phase

is Ta20, and the dark phase is SiO2.
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Tantalum Disilicide
1100 C-168 Hours
Silica Layer(top)-Ta/Si oxides (bottom)

Figure 33. Cross-sections of TaSi 2 oxidized 168 hrs. at
1lOOC showing exclusive formation of a silica film
over some areas (top) and Ta-rich nodules over
others (bottom).



Microstructure of Molybdenum Disilicide
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Figure 34. Initial microstructure of "MoSi 2
1 '. (White phase is

MoSi 3 and the !dark phase is SiO2 ). Th was detected
adjacent to the silica regions.
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Initial work on hydrogen effects was focused on the titanium aluminide alloy Ti-24-11 (24%

Al, 1 l%Nb in atom per cent), because of its availability, metallurgical knowledge, and technical

interest for near-term aerospace applications. In addition, it contains very small amounts of beta

phase in many accessible microstructures, making it essentially a single-phase aluminide alloy with

the alpha-2 structure. Electrolytic and therinal methods for introducing hydrogen were developed,

and measurements were made of the equilibrium solvi for various overpressures of hydrogen, over

the temperature range 400 to 6750C. This is illustrated in Figure 1.

The alloy dissolves large amounts of hydrogen at elevated temperature, e.g. about 10%

(atomic) near 600CC, but extrapolating the solvus to room temperature implies a solubility of around

1 ppm. Accordingly, cooling of charged material causes pronounced hydride formation. X-ray

diffraction was used to determine that the hydride has the same fluorite structure as does TiH 2,

although we do not know the stoichiometry of the hydride in Ti-24-1 1. These tests required a

thorough investigation of heat-treatment response from hydrogen charging. Hydrogen is a potent

stabilizer of the beta phase in titanium alloys, and particularly when amounts of the order of 10%

(atomic) are charged, acts as a significant alloying element. The solvus measurements, heats of

solution and partial molar free energies for hydrogen, and other related observations have been

collected into a paper, entitled "Hydrogen Solubility in a Titanium Aluminide Alloy" and co-authored

by W.-Y. Chu, A.W. Thompson and J.C. Williams, which is being submitted for publication. A

summary of the same results was presented at the 2nd NASP Workshop on Hydrogen-Materials

Interaction (Scottsdale, AZ, June 1-3) and was published in the Summary Proceedings of the

workshop, Report NASP WP-1004, edited by H.G. Nelson (Nov. 1988).
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Mechanical properties of the Ti-24-11 alloy have also been studied. The first part of the

mechanical investigation comprised tensile tests using a range of strain rates and performed at several

temperatures in the range -2000C to 4000C. Uncharged specimens as well as specimens thermally

charged to four hydrogen contents between 500 and 2500 ppm by weight (2.5 -12.5% atomic) were

tested under the conditions mentioned. Among the results were observation of a range in tensile

ductilities, from 0.5 to 2.5%, and a pronounced strain rate effect, with an extremely steep fall in

ductility for tests at rates above about 0.01 sl. This was true both with and without hydrogen,

although the introduction of hydrogen lowered the critical rate somewhat, in addition to decreasing

the stress and strain associated with fracture. This rate effect essentially represents the intervention

of fracture in the stress-strain curve prior to yield, since no such rate effect could be detected when

compression tests were conducted under otherwise identical conditions. The dependence of tensile

properties on temperature and hydrogen content, respectively, are shown in Figures 2 and 3.

To facilitate study of the brittle fracture process in Ti-24- 11, notched bend bar specimens

were also tested, under parallel conditions to those mentioned for the tensile tests. Generally, very

similar phenomena were observed, including the pronounced strain rate effect. Using established

analysis methods, it was possible from these tests to calculate the true, intrinsic fracture strength for

cleavage of the specimens. This strength was found to be independent of temperature, in agreement

with the classical expectaton, but was sensitive to crosshead speed in the same manner as the

nominal fracture stress. The fracture strength also decreased with addition of hydrogen.

Fractographic examination revealed that fracture in tension or bend bars took place by a

cleavage-like process in small facet-like features. The size and shape of these features corresponded

accurately to the plates of alpha-2 in the microstructure. The fracture process thus appears to be one

of tearing in the "matrix" of transformed beta around the primary alpha-2 plates, and a brittle fracture

of cleavage-like appearance in the plates themselves. Similar observations have been made in other

titanium alloys and in certain microstructures of titanium aluminides.

The bend-bar experiments showed that propagation of cleavage cracks appeared to take place

in a stable manner during slow loading, and resistance to this slow propagation was dependent on
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crosshead speed and hydrogen content. Accordingly, additional tests were conducted with pre-

cracked WOL (wedge-opening loading) specimens to permit measurement of conventional toughness

properties as well as crack propagation resistance. Toughness, as measured by KI,, and the

threshold stress for cracking in hydrogen, K114, were both found to decrease smoothly with

increasing hydrogen content, in tests using fracture mechanics specimens (compact tension or

WOL). These data, together with the fracture strength measured in bend bars, are collected iki Figure

4. Although the toughness does decrease considerably (as do tensile properties in Fig. 3), it should

be noted that the hydrogen, contents are very large, compared to damaging amounts in a number of

other materials, including steels and nickel-base alloys. Thus Figs. 3 and 4 could be interpreted as

showing that Ti-24-11 actually is a relatively hydrogen-tolerant alloy.

Crack growth curves, measured as da/dt in sustained loading, as a function: of ,the crack

driving force, K1, are shown in Figure 5. The threshold stress (see Fig. 4) falls steadily with the

increase of hydrogen content, but note that the curves remain "rounded" at growth rates above I

micrometer per minute. Thus the cracking resistance remains considerable at even the highest

hydrogen content. Conventional crack resistance curves, or R curves, are being developed to

express this result.

The mechanical properties work in this program has now been summarized in two papers,

which will be submitted shortly to appropriate journals. These are entitled "Brittle Fracture and

Behavior of Hydrides in Ti-24 Al-I 1 Nb", and "Hydrogen-induced Crack Growth in Ti-24 Al-Il

Nb". Each is authored by W. -Y.Chu and A.W. Thompson.

In the past quarter, we have investigated the effect of microstructure differences on

mechanical properties of Ti-24- 11, as a function of hydrogen content. Particular emphasis has been

placed on measurement of the intrinsic cleavage fracture strength. In earlier work on this program, it

was found that changing microstructure through changes in solutionizing temperature and cooling

rate from that temperature could result in variations in yield strength, fracture strain, and cleavage

fracture strength of 20-30%, compared to as-received material. However, we have now found that

the yield strength, fracture strain and cleavage fracture strength all increased by 50-100% when
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solution treatment was conducted in hydrogen gas (instead of vacuum), at solution temperatures of

1 1000C and above, followed by aging at 8000C. If the cooling rate was low, e.g. furnace cooling or

controlled cooling, or if the solution temperature was below I 1001C,, e.g. 10000C or 10750C,

solution treatment in hydrogen gas then caused an increase in the yield strength, fracture strain and

cleavage fracture strength by only 10-20%.

For any of these microstructures, the ultimate strength, the fracture strain and the cleavage

fracture strength decreased steeply when the crosshead speed was larger than 50 mm/min. At speeds

this high, the difference between solution treatment in hydrogen gas or in vacuum was slight.

For these experiments, hydrogen can be regarded as a temporary alloying element, stabilizing

the beta phase during heat treatment, and perhaps also affecting elevated temperature mechanical

properties and the corresponding accommedation response within the microstructure, during

subsequent transformations. This was indicated metallographically in these specimens by increased

size of the microstructural constituents, and modest increases in volume fraction of beta phase, as a

result of solution treatment in hydrogen.

For the next period, we plan to investigate the effect of microstructural variation and

hydrogen content (resulting from hydrogen solution treatment) on the fracture toughness, crack

propagation rate, and threshold stress intensity for hydrogen-induced cracking. We are optimistic,

that the improved mechanical properties seen in tensile tests will be reflected in improved toughness

and cracking resistance properties.

Dr. J.C. Williams left Carnegie Mellon University in August, 1988, to join the Aircraft

Engine Business Group of General Electric in Evendale, Ohio. Professor Thompson now acts as the

sole investigator in the CMU portion of this program.
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Figure 1. Solvus for hydrogen in,11-24-11 in equilibrium with hydride phasa,

as determined by two methods (shown in figure).
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Figure 2. Mechanical properties of Ti-24-11 as a function
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